The Sawyer PointONE™ hollow fiber membrane filter is increasingly promoted for long-term household water treatment in developing countries. Limited data demonstrate PointONE™ microbiological laboratory efficacy and short-term diarrheal disease reduction among users, but household microbiological data is lacking. To compare laboratory and household PointONE™ filter microbiological performance, we enumerated Escherichia coli (E. coli) and total coliforms in source and filtrate water from: (1) one new filter with E. coli-spiked water (10 7 -10 9 CFU/100 mL) in the laboratory, (2) one new filter with natural Maine and Honduran surface waters, and (3) 50 filters used in Honduran homes for 1-3 years. In laboratory tests, all filtrate samples had <1 CFU/100 mL E. coli (>99.99999% reduction). In natural surface waters, all filtrate samples had 1 MPN/100 mL E. coli (99.5% reduction). In households, filtrate samples had geometric mean 5.1 MPN/100 mL E. coli (90% reduction), with only 30% of filtrate samples complying with international standards of undetectable E. coli. Total coliform presence in natural water filtrate varied for both new and household filters. The discrepancy between laboratory and household results and premature filter failure are not well understood. Further research is recommended to understand this performance disparity and determine filter failure mechanisms in households.
INTRODUCTION
Worldwide, an estimated 663 million people drink water from unimproved sources (WHO/UNICEF ) and an estimated 1.2 billion more drink contaminated water from improved sources (Onda et al. ) . Providing reliable, safely managed, piped water to every household is the ulti- HWTS options are evaluated using laboratory efficacy testing, health impact trials, and field effectiveness testing.
In the laboratory, product efficacy at removing organisms of concern (bacteria, viruses, and protozoa) from test waters is evaluated. Randomized, controlled trials in developing country communities measure a product's ability to reduce diarrheal disease among users. Field effectiveness is evaluated to measure a HWTS product's ability to reduce indicator organisms such as Escherichia coli (E. coli) or thermotolerant coliforms in drinking water in actual users' homes.
WHO guidance includes tiered, health-based targets that classify HWTS products according to laboratory efficacy performance as: 'Highly protective' (4-log bacteria and protozoa reduction and 5-log virus reduction in laboratory settings), 'Protective' (2-log bacteria and protozoa reduction and 3-log virus reduction), or 'Interim' (achieving 2-star target for two pathogen classes and having epidemiological evidence demonstrating disease reduction in health impact trials) (WHO b). These targets have since been termed '3-star,' '2-star,' and '1-star' performance classifications, respectively (WHO ). WHO guidelines also categorize diarrheal disease risk based on indicator organism levels in users' drinking water (WHO ).
One recently-promoted HWTS option is the Sawyer
PointONE™ Filter, a hollow fiber membrane microfilter with 0.1 μm pore size. The PointONE™ filter is distributed with an assembly kit with fittings to attach the filter to a five-gallon bucket (Figure 1 ). To use the filter, water is poured into this source water bucket and the filter head is lowered, allowing water to flow by gravity through a delivery tube and the hollow fiber membrane, and into a secondary storage container. Users are instructed to backwash the filter when flow slows, using clean water and a syringe provided with the filter. PointONE™ filters have an advertised lifespan of up to 10 years, and have been distributed in over 70 countries (Sawyer Products ; Sawyer Products n.d.).
The PointONE™ filter has been shown to be efficacious in the laboratory at removing bacteria (>6-log reduction) and protozoan cysts (>5-log reduction) (Hydreion ;
Erikson et al. ). Virus removal has not been evaluated, as most viruses are smaller than the PointONE™'s pore size and high removal is not expected. Additionally, one study demonstrated a reduction in diarrheal disease prevalence among users under 5 years old over a short, threemonth follow-up in a controlled study setting (Lindquist et al. ) . This evidence -all conducted under highly controlled conditions with new filters -suggests that the PointONE™ filter could potentially meet the requirements of the WHO 1-star performance target, although actual classification would require testing by an external independent laboratory.
Microbiological field effectiveness data has identified bacterial contamination in 18-54% of tested PointONE™ filter direct filtrate and 51-70% of stored, filtered water in studies where filters were used for between three months and three years (Brune et al. ; Goeb a, b; Kohlitz et al. ) . However, only one of these studies was peer reviewed, and results were limited by the use of a semi-quantitative method of identifying bacterial contamination, lack of source water quality testing, and small sample size (24 filtrate samples and 37 stored water samples) (Kohlitz et al. ) . To our knowledge, no quantitative microbiological field effectiveness data on the PointONE™ filter has been published in peer-reviewed format to date.
Pure Water for the World (PWW) is a non-governmental organization that provides safe drinking water, sanitation, and hygiene education to communities in developing countries. PWW installed over 250 PointONE™ filters in six rural Honduran communities between 2010 and 2013.
Beneficiaries were trained in filter use and maintenance upon installation, and again during household follow-up visits approximately three months after installation. In follow-up evaluations by PWW, usage rates ranged from 50 to 95% 9-13 months after distribution in some communities, and 66-68% 23 months after distribution in others.
Reported reasons for filter disuse included: broken casings, clogged filters, broken or missing syringes, damaged hoses, casings which had been opened by users, and filters abandoned by users (Goeb a, b, c) . Additionally, an analysis of PointONE™ filters installed by PWW and used for almost two years identified membrane fouling as a challenge to long-term filter performance (Murray et al. ) .
Because of these unexpectedly high rates of disuse documented by PWW and the lack of available robust field effectiveness data, we sought to further understand the microbiological performance of PointONE™ filters used in the field over the long term, in addition to performance at removing organisms of concern in controlled environments.
In this research, we evaluated the microbiological performance of the Sawyer PointONE™ filter by investigating:
(1) microbiological efficacy of new filters in the laboratory, (2) microbiological efficacy of new filters in a controlled field environment, and (3) microbiological effectiveness of PointONE™ filters known to be used in household settings at least one year after distribution.
METHODS

Laboratory efficacy testing
In March 2014, a new PointONE™ filter assembly was purchased from a distributor and fitted to a plastic 5-gallon bucket for laboratory testing at the University of Maine.
The filter assembly was identical to the assembly employed in users' homes in Honduras. E. coli was grown in tryptic soy broth and then inoculated into 1.2 L of sterile deionized water at three doses: 10 7 , 10 8 , and 10 9 colony forming units (CFU)/100 mL. Each spiked water dose was poured into the filter source bucket and gravity-flowed through the PointONE™ filter. The first 100 mL of water was collected aseptically from the filter outlet in sterile bottles, and 100-mL samples were also collected after 500 and 1,000 mL of flow. The filter was backwashed three times with deionized water before each challenge test, and the sampling procedure was repeated with increasing E. coli concentrations.
Samples were processed immediately using the membrane filtration method (APHA/AWWA/WEF ) with m-ColiBlue24 ® media (Hach Company, Loveland, CO).
Samples were diluted appropriately with sterile deionized water, vacuum filtered aseptically through a 45-micron filter (EMD Millipore, Billerica, MA), placed in a plastic petri dish with a media-soaked pad, and incubated for 24 hours at 35 W C before counting colonies. A negative control
PointONE™ filter assembly was run in parallel with deionized water, and positive control E. coli plates were processed alongside laboratory samples.
Field efficacy testing
In August 2014, one new PointONE™ filter was purchased and assembled as above for controlled microbiological efficacy testing with natural surface waters in Maine and
Honduras. In Maine, five different locations along an urban stream were tested. Before each test, the filter was backwashed three times with deionized water, and the source bucket was rinsed three times and filled with stream water. This source water was gravity-flowed through the filter for at least 1 minute, and then a 100-mL filtrate sample was collected aseptically directly from the filter outlet in a sterile plastic bottle. A water sample was also collected aseptically from the source bucket. Samples were placed on ice and analyzed within 8 hours using the most probable number ( 
Household effectiveness testing
Household selection and survey methods
Two Honduran communities located in the Trojes region of
Honduras were selected for study inclusion because they:
(1) had at least 40 filter assemblies distributed in each, and 
Household water quality testing
At each household, the PointONE™ filter was backwashed at least three times by the user. The filter source bucket was then filled with untreated household source water, which was allowed to gravity-flow through the filter for at least 1 minute before a 100-mL filtrate sample was collected aseptically directly from the filter outlet in a sterile plastic bottle. A source water sample was also collected aseptically from the source bucket. Samples were placed on ice and For all statistical tests, p-values <0.05 were considered statistically significant.
E. coli, total coliform, and turbidity reductions between source and filtrate were calculated two ways: (1) the percent reduction in geometric mean of the parameter, and (2) the median percent reduction for the set of filters. In all cases, duplicate water quality measurements were averaged, and E. coli and total coliform values at the lower detection limit (<1 MPN/100 mL) were replaced with 0.5 MPN/ 100 mL, and values at the upper detection limit (>2,420 MPN/100 mL) were replaced with 2,420 MPN/ 100 mL. In calculating median percent reductions, values at the upper detection limit were removed to minimize bias. Water quality parameters were also compared using paired t-tests on log-transformed values. 
RESULTS AND DISCUSSION
Laboratory efficacy testing
Filtrate from spiked laboratory efficacy tests was negative for E.
coli presence for all E. coli doses and all sample times (Table 1) 
Field efficacy testing
The new control PointONE™ filter demonstrated geometric mean 99.7% E. coli reduction and >99.98% total coliform reduction across all five Maine efficacy tests (with all filtrate E. coli and total coliform samples having <1 MPN/100 mL).
In Honduras tests, the filter removed geometric mean 99.5%
E. coli (with all filtrate samples having 1 MPN/100 mL).
Total coliform reduction ranged from 0 to 49% in all five tests (source: >2,420 MPN/100 mL; filtrate: 1,300 to >2,420 MPN/ 100 mL), though exact total coliform reductions could not be cal-
culated from values at the detection limit (Table 1) .
Household effectiveness testing
Survey results
Surveys were completed with 23 households (51% of filter recipients) in Community 1, where filters were distributed b Spiked tests at 10 7 , 10 8 , 10 9 CFU/100 mL. Filtrate samples collected at three times (first 100 mL, after 500 mL, after 1,000 mL of flow). three years prior. This is believed to be all households currently using PointONE™ filters. Surveys were completed with 27 households (42% of filter recipients) in Community 2, where filters were distributed one year prior. In both communities, the source water used was primarily river water.
Overall, 80% of respondents reported using the PointONE™ filter within the previous day, and 64% of respondents reported treating water with the filter at least daily. When asked 'what do you think of the filter?' 91% of respondents reported that it was 'very good.' When asked if they perceived a change in the family's health, all but one respondent (98%) reported an improvement in health. Over half of respondents (54%) reported that filters had blocked or had reduced flow in the past, and 81% of those who estimated the frequency of flow blockage reported that it happened once a month or less. Most respondents (94%) reported that they used a container other than the clean storage container to collect source water before treating, and 71% of respondents demonstrated the full, correct backwashing procedure (using a clean syringe with filtered water to backwash the filter 3-4 times in the correct direction). Seven filters (14%) had observable cracks or damage to the filter casing, and one filter had a leak in the tubing on the inlet end (Table 2) .
Household water quality results
The geometric mean filter flow rate was 77.2 mL/min (95% CI: 61.8, 96.4). The estimated average flow rate according to filter product literature is 719 mL/min (Sawyer Products, n.d.).
Between source and filtrate samples, geometric mean E.
coli reduction was 90%, geometric mean total coliform reduction was 68%, and geometric mean turbidity reduction was 89% (Table 1) . Median percent reductions for the set of all filters were 87% for E. coli (n ¼ 50), 65% for total coliform (n ¼ 19, excluding all readings at the upper detection limit), and 91% for turbidity (n ¼ 50). These median reductions for the set of filters are consistent with percent reductions in geometric means from source water to filtrate, and all three water quality parameters were statistically significantly lower in filtrate than in source water (p < 0.001).
Seven filters (18%) had higher E. coli concentrations in filtrate than in source water; the E. coli concentration increase was modest in two of the seven filters (7.4-8.1 MPN/100 mL and 66-73 MPN/100 mL), and greater in five filters, which had an average increase of 87.4 MPN/ 100 mL E. coli from source to filtrate. Of these seven filters, none had observable filter damage, and five users demonstrated correct backwashing.
When categorized by WHO risk levels based on E. coli concentrations, no source water was in conformity with the WHO guideline of <1 MPN/100 mL ( Figure 2 We hypothesized that filters would have better microbiological performance if they were newer, not visibly damaged, and their users correctly demonstrated knowledge of backwashing maintenance. Median E. coli reduction was higher among filters that fit these criteria in bivariate analyses, and filters were more likely to have 90% E. coli reductions in a multivariate regression model if they were newer and not visibly damaged. These trends support our hypotheses; however, the small sample size limited our ability to detect statistically significant differences.
Summary
In household microbiological effectiveness testing of PointONE™ filters still in use in homes after one or three years, most filters significantly improved drinking water quality. However, only 30% of filtrate samples complied with WHO microbiological guidelines, and 18% of samples had more E. coli in the filtered water than in source water.
Additionally, up to half of distributed filters were no longer in use in these communities. These household-level results are in contrast to those of a newly-purchased filter, which removed all E. coli (>9-log) in spiked laboratory waters, and nearly all E. coli in controlled testing of both (Figueroa & Kincaid ) ; however, these factors may not affect objective measures such as microbiological removal rates. Additionally, the small sample size is prohibitive in identifying differences in sub-analyses of the data.
While some trends were seen in water quality data (such as better E. coli removal performance in newer filters and filters without visible damage), these differences were not statistically significant. Finally, different microbiological detection methods were used in the laboratory and in field testing, so there are potential limitations in directly comparing data collected with different methods.
To our knowledge, this is the first peer-reviewed quantitative field effectiveness data evaluating the PointONE™ filter. Comprehensive microbiological testing with rigorous methods and objective outcomes of filter performance evaluated household effectiveness as well as controlled laboratory and field efficacy. Further research is recommended to confirm microbiological field effectiveness results over long-term follow-up with a larger sample size.
More research is also needed to understand the discrepancy between new and used filter performance, partial total coliform removal in controlled field efficacy testing, and possible PointONE™ filter failure mechanisms.
CONCLUSIONS
The PointONE™ filter is a HWTS option promoted worldwide. It has been shown to be efficacious in laboratory settings and to reduce diarrheal incidence in short-term follow-up, although limited available field effectiveness data has shown reduced microbiological performance when employed in users' homes. This evaluation confirmed high E. coli reductions in controlled efficacy testing of new PointONE™ filters with laboratory-spiked and natural waters. In field effectiveness testing of PointONE™ filters in two communities where many filters had already been abandoned after 1-3 years, most remaining filters improved household drinking water quality, yet 70% of filtrate contained E. coli, and filter flow rates were slow. Total coliform reduction was also lower than expected in field efficacy tests and in users' homes. The microbiological performance discrepancy between new and used filters and potential PointONE™ filter premature failure mechanisms are not well understood; future research on these topics, and future field effectiveness research with larger sample sizes, is recommended.
